Oil ganglion dynamics (th at is, the collective flow behavior of a population of interacting oil ganglia in a porous medium) arises in conneetion with oil bank format ion and maintenance during enhanced oil recovery with immiscible flooding. Furthermore, recent experimental observations have shown that ganglion dynamics is involved in steady-state two-phase flow, and therefore it is central to the quántitative analysis of the relative permeabilities. A recently developed computeraided three-dimensional network simulator can be used to predict the cooperative flow behavior of dense populations of oil ganglia moving through consolidated po rous media. The differences between the flow behavior of a solitary ganglion and that of a ganglion that is a member of a dense poptdation (at various values of oil saturation and viscosity ratio) are examined. The ganglion velocity, the stranding and breakup coefficients and the mode of breakup are calculated as functions of the ganglion volume, the oilsaturation and the viscosity ratio, keeping all other parameters fixed at typical values.
INTRODUCTION
Oil ganglion population dynamics play a crucial role in a number of important two-phase flow processes, incIuding waterflooding of oil reservoirs, immiscible stages of enhanced oil recovery (EOR) , steady-state twophase flow in porous media, etc. Here, we use a recently developed simulator to study the effects of the oil saturation and other system parameters on the flow behavior of ganglia. 1996) have shown that ganglion dynamics is one of the main flow regimes of steady state two phase flow in porous media.
A parametrie experimental study of the pore level mechanisms of steady-state two-phase flow through chamber-and-throat pore networks (etched-glass modeIs) has shown that over broad ranges of the values of the main dimensionless parameters (capillary number, Ca, oil/water viscosity ratio, K, the imposed oil/water flowrate ratio, r, saturation of the aqueous phase, Sw) the oleic phase is disconnected in ganglia or drops and the oil flowrate is mainly or totally due to the motion of ganglia and/or oil drops (Avraam and Payatakes, 1995; Avraam et al, 1994) . The oil motion can be described as a continual process of ganglion mobilization, collision and coalescence, breakup, stranding, remobilization, etc., resulting in an overall dynamic equilibrium denoted as steady-state ganglion dynemies. The flow regime and the corresponding relative permeabilities are strong functions.' of Sw, Ca, K, r. the coalescence factor, Co, the wettability (cosines of the dynamic contact angles e. and er,), the geometry and topology of the pore network), and the history of the experiment (wetting saturation increasing or decreasing). Moreover, for a given porous medium, the steady-state relative permeabilities correlate strongly with the corresponding flow regime. Therefore, understanding 2 Simulation of the Motion of Oi! Ganglia in Consolidated Porous Media. Crowding Effects ECMOR V, 1996 ganglion population dynamics is also of fundamental value in analyzing steady-state two-phase flow processes.
In the present work, we will focus our attention on the cooperative behavior of interacting ganglia, when they become mobilized. Melrose a significant porti on of the ganglion population is mobilized for a broad range of oil saturation values (0.3<So<0.7). It should be noted here that the pertinent dimensionless parameter for ganglion mobilization is the ganglion mobilizstion number; Gm Payatakes and Dias, 1984) . Gm is the ratio ofthe viseaus stresses which tend to mobilize the ganglion to the capillsry pressure opposed to the motion. When Gm~1 the ganglion becomes mobi!ized. The calculation of Gm should be based on the value of Calktw, where ktw is the local and instantaneous relative permeability to water . When ktw is sufficiently smalI, Gm may be larger than unity for many ganglia, even if the capillary number is smal!. Therefore, these ganglia become mobilized.
A computer-aided three-dimensional microflow simulator of steady-state ganglion population dynamics in consolidated porous media was developed by Constantinides and Payatakes (1996) . Pore-scale models Payatakes et al., 1980; Payatakes 1986a, 1986b; Constantinides and Payatakes 1991) are used to simulate the complex flow phenomena at pore level and the dynamic flow beha vior of each individual ganglion. The simulator calculates ganglion population interactions and prediets the flow regime on the mesoscopic scale and the relative permeabilities in agreement with reported experimental results (Avraam and Payatakes, 1995) . This simulator is used here to predict the flow behavior of individual ganglia which are members of a dense ganglion population. The simulator is also used to study the flow behavior of solitary ganglia. The flow behavior of the ganglia is mainly characterized by the ganglion velocities, the breakup and stranding coefficients and the mode of ganglion breakup, which are calculated as functions of the oil saturation and the pertinent dimensionless parameters.
A novel analytica I theory for the macroscopie description of two-phase flow in porous media, when the dominant flow regime is ganglion dynamics, was proposed recently (Valavanides et al., 1996) . This theory utilizes tbe gang/ion popu/ation balsnee equetions (Payatakes, 1982) to predict the macroscopie behavior of the process. To achieve this, the theory utilizes information on the cooperative flow behavior of ganglia in the form of system factors. The results of the present work can be used by this theory directly.
MODEL FORMULA TION
A full description of the microflow network simulator is given in the original reference . The main features of this simulator are described below for the sake of completeness.
The porous medium model used by the simulator is a three-dimensional network of unit cells of the constricted-tube type, suitable for consolidated porous media (Constantinides and Payatakes, 1989) . The chamber and throat diameter distributions of the pore network are typical Berea sandstone pore size distributions (Dullien and Dhawan, 1975) . There is a positive correlation of the diameters of the contiguous chambers and throats (Constantinides and Payatakes, 1989; . We used a pore network of 30x20x5 nodes (3000 chambers and-9000 throats). The porosity of the po rous medium model is E=0.22, the mean node-to-node distance is 1=73.1 I1m, and the characteristic void space, that is, the mean volume of achamber and its adjacent half throats (Conceptual Elemental Void Space) is VcEvs=8610 11m3.
Initially the pore network is filled with water. Ganglia of preselected volumes and random shapes are placed in random sites in the network, until a preselected value of oil saturation, So, is reached. Then a macroscopie pressure gradient is applied along the network, so that the steady-state capillary number, Ca, takes a preselected ·value. The value of the macroscopie pressure gradient is determined iteratively. Then, the ganglia are let to move. Under creeping flow conditions, the two-phase flow problem is solved with standard electrical network
analysis (Dias and Payatakes, 1986a; Constantinides and Payatakes, 1991; Vizika et al., 1994) .The boundary conditions on the sides of the pore network parallel to the direction of the macroscopie flow are assumed periodical. Ganglia leaving the network downstream reenter into the network upstream, to impose a kind of periodicity in the direction of the macroscopie flow, and to keep the oil saturation, So, constant .
When the displacement starts, some of the ganglia become trapped where they were placed initially, whereas the rest begin to migrate downstream. Due to the randomness of the porous medium, the flow conditions may be significantly different from place to pIace, even if the capillary number is constant. For this reason, moving ganglia undergo either quasi-static or dynamic displacement (payatakes and Dias, 1984) . Moving ganglia break into daughter ganglia, the smaller of which become stranded where they are formed, or after a few steps. Ganglion breakup occurs either due to pinch-off or dynamic breakup (payatakes and Dias, 1984) . A stranded ganglion may become remobilized, if the local pressure field is changed by the flow of a moving ganglion in the nearby area. Moving ganglia collide with other moving ganglia and coalescence with them with probability, Co, (here, Co=0.15) producing ncw large ganglia. The number of collisions per time step depends of the value of So. The combination of breakup, stranding, remobilization and coalescence resuIts in an overall dynamic equilibrium, namely, steady-state ganglion dynamics. Under steady-state conditions, each ganglion is identified and its migration is recorded, until it breaks, becomes stranded, or coalesces with another ganglion. Each simtdation lasts for a sufficiently long time interval to obtain statistically reliable resuIts. K=1.45, Co=0.15, $w=0.5, e~=45°, and e~=35°). The dimensionless time interval between two snapshots is .11*=.11Uw/l c= I, where Uw is the superficial velocity of water. For simplicity, a two-layer pore network of size 30x20x2 is used for this specific simulation. Each chamber is depicted as a sphere of the appropriate diameter, whereas each throat as a cylinder. For better cJarity, the node-to-node distance is shown dilated by 50%. Oil is shown white, and water is shown gray.
The simtdation of the fate of a solitary ganglion is done in a similar way (see also Dias and Payatakes, 1986b) . A ganglion of preselected volume and random shape is placed at a random site of the pore network away from the edges. Then, an appropriate macroscopie pressure gradient is applied, so th at the capillary number takes a preselected value. The ganglion migration is followed and recorded, until the ganglion either breaks or becomes stranded.
RESULTS AND DISCUSSION
The differences of the flow behavior of solitary ganglia and the ganglia that are members of an interacting ganglion population are examined. The flow behavior of ganglia is mainly characterized by the ganglion velocity, u, the coefficients of stranding and breakup, À and~respectively, and the mode of ganglion breakup, W!:w (Payatakes, 1982) . All these variables are functions of the system parameters and the ganglion volume, shape and orientation, the specific flowpath that the ganglion follows (local geometry) and the distribution of the two fluids in the nearby area. For fixed values of the system parameters, u, À,~and W!:w are caIculated as functions of the reduced ganglion volume (V*=vNCEVS) by averaging the resuIts for different simulations in which the initial ganglion shape, orientation and location in the pore network are changed (Dias and Payatakes, 1986b) . In this work u, À,~and WIlvare studied as functions of the saturation and the viscosity ratio, as weil. The same behavior (u* increases as K decreases) is also observed for the veloeities of the ganglia that are memhers of a dense ganglion population ( Fig. 2; tor Sw< I only the fitting curves are shown), For interacting ganglion populations, u* depends on the value of Sw significantly. This behavior can be explained by considering the effect of the water saturation, Sw, on the values of the local pressure gradient. As S; decreases, the portion of the porous medium through which waterflows decreases, and therefore the interstitial velocity and the local pressure gradient increase (for Ca=constant), This, in turn, causes the increase of the ganglion velocities. Fig. 2 shows that for Sw=0.7 and in many cases for Sw=0.6, the reduced ganglion velocity, u*, is smaller than that of solitary ganglia. This can be explained as follows. Ganglia that are members of an interacting population have to bypass other ganglia (stranded ganglia or ganglia moving with lower velocities) during their migrations. Therefore, they move not only in the direction of the macroscopie flow, but also in the lateral directions, a fact that reduces their velocity in the main direction. This phenomenon intensifies for denser populations (say, Sw<0.5). However, in these cases, the sharp increase of u* due to the increase of the local pressure gradient more than compensates for this phenomenon.
Stranding and hreakuJ) of ganglia
The method followed for the calculation of the stranding and breakup coefficients is similar to that proposed by Dias and Payatakes (1986b ) (see also Valavanides et al., 1996) . For a given set of the system 1996 level 95%) are shown for Sw=O.6 and all three x values. We ob serve that the va lues of both coefficients, A and , for solitary ganglia (Sw~1) are significantly larger than those calculated for interacting ganglion populations. Our simulations show that solitary ganglia fission before they take a "cruising" shape (Rapin, 1980; Hinkley et al., 1987) . When the ganglion population is quite sparse, the small ganglia (v*<5) become stranded due to the relatively large value of A, whereas larger ganglia (v*>5) break frequently due to the relatively large value of~and the small daughter ganglia become stranded where they are formed. This explains why all the ganglia become stranded if the ganglion population is quite sparse, even if the capillary number is Ca_lO-4. When the ganglion population is dense, collisions between ganglia happen frequently. Let us consider a relatively large moving ganglion colliding with a relatively small ganglion, which is on the verge of becoming stranded. If coalcscence between these two ganglia does not take place, the large ganglion pushes the small one to move downstream, and therefore, stranding is prevented and A decreases. Since this phenomenon intensifies as S, decreases, AI decreases as S; decreases.
On the other hand, as Sw decreases, the reduced breakup coefficient,~(v*)1 increases for a dense ganglion population. As we explained above, as S; decreases, the interstitial velocity of water increases and the local pressure gradient becomes relatively large. These conditions favor dynamic breakup of the ganglia.
Besides, for relatively small S, values, moving ganglia have to bypass other ganglia (stranded ganglia, ganglia moving with lower velocity) along their way. Hence, as S; decreases, ganglia tend to flow not only parallel 10 the direction of the macroscopie flow, but also in the lateral directions. This type of motion causes changes of the ganglion shape and leads to the formation of oil threads which often rupture intensifying breakup through pinchoff. Consequently, both mechanisms for ganglion breakup, that is, dynamic breakup and pinch-off intensify as Sw decreases (keeping the rest parameters constant).
Our results (Figs. 3 and 4 ) also show that as K increases both A and~increase, in agreement with previous works (Dias and Payatakes, 1986b) . This behavior can be explained as follows . For K<I, ganglia take a long and slender shape and follow flowpaths that are mainly parallel to the direction of the macroscopie flow. Under these conditions, the maximum length of the ganglion projected in the direction of the macroscopie flow, Lg, is relatively long. The viscous force which is responsible for ganglion mobilization is proportional to Lg and the local pressure gradient . Hence, for K<I, the viscous force exerted on each ganglion is relatively large and, therefore, A is relatively smal!.
Moreover, the long and slender. shape of these ganglia reduces the probability of fissioning, and thus, the value of~is relatively small. For K> I, the ganglia show a tendency to follow flowpaths composed of relatively large pores to reduce viscous dissipation. This tendency intensifies as K increases. Under these conditions, Lg decreases and ganglia flow not only in the direction of the macroscopie flow, but also in the lateral directions. As explained above this type of motion increases the stranding and breaking coefficients.
Mode of ganglion breakuI)
An important parameter in ganglion population dynamies is the breakup mode probability, W(w,v)tl.v, expressing the probability that a moving w-ganglion will break into two daughter ganglia, one of which is a v-ganglion (Dias and Payatakes, 1986b (Fig. Sa) . These results show that dynamic breakup is mainly responsible for the fissioning of relatively small ganglia (v*<lO), whereas pinch-off is mainly responsible for the fissioning of relatively large ganglia. In the first case, the two daughter ganglia have approximately equal volumes, whereas in the second one, the two daughter ganglia have significantly different volumes.
The steady-state ganglion dynamics simulations have also shown that the water saturation, Sw, and the viscosity ratio, K, do not affect W(w,v)tl.v significantly. Hence, a single fitting function W(w,v)tl.v was used for all K and Sw values examined (Fig. Sb) . As before, the main mechanism for relatively small ganglion breakup is dynamic breakup, whereas for relatively large ganglia it is pinch-off.
Comparing W(w,v)tl.v for Sw~1 and Sw<l, we observe that breakup due to pinch-off intensifies for solitary ganglia. This can be explained considering that for Sw~I the interstitial velocity and the local pressure gradient have relatively small values, whereas as S, decreases their values increase (see above) and dynamic breakup is favored. CONCLUSIONS A recently developed computer-aided th reedimensional network simulator was used to predict the flow behavior of solitary ganglia and th at of ganglia which are members of an interacting ganglion population. The simulator is used to predict the di1ferences of ganglion velocities, stranding and breakup coefficients and mode of ganglion breakup as functions of the ganglion volume, the water (or oil) saturation and the viscosity ratio. The main conclusions of this study are the following:
• The reduced mean time-averaged ganglion velocity, u*, is astrong function of the water saturation, Sw, and the viscosity ratio, K. It increases as S, and/or K decreases.
• The values of the stranding, À., and the breakup, $, 
